The role of vegetation in mitigating the effects of PM 10 pollution has been highlighted as one potential benefit of urban greenspace. An integrated modelling approach is presented which utilises air dispersion (ADMS-Urban) and particulate interception (UFORE) to predict the PM 10 concentrations both before and after greenspace establishment, using a 10 x 10 km area of East London Green Grid (ELGG) as a case study. The corresponding health benefits, in terms of premature mortality and respiratory hospital admissions, as a result of the reduced exposure of the local population are also modelled. PM 10 capture from the scenario comprising 75 % grassland, 20 % sycamore maple (Acer pseudoplatanus L.) and 5 % Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) was estimated to be 90.41 t yr -1 , equating to 0.009 t ha -1 yr -1 over the whole study area. The human health modelling estimated that 2 deaths and 2 hospital admissions would be averted per year.
Introduction 1
Sources of PM 10 (particles with a diameter of less than 10×10 -6 m) within urban areas 2 of the UK include road traffic, industry and power production (Dore et al., 2005) . Results 3 from numerous longitudinal investigations of human respiratory and other diseases show 4 consistent statistical associations between human exposure to outdoor levels of PM 10 and 5 adverse health impacts. Health effects range from alveolar inflammation and respiratory-tract 6 infection (specifically pneumonia) (Pope et al., 1995; Holgate, 1996; QUARG, 1996; Defra, 7 2007a ) to acute cardiovascular disorders (Pope et al., 1995; Klemm et al., 2000; USEPA, 8 2004) . These often lead to substantially increased morbidity and mortality, in particular 9 among elderly individuals (Zelikoff et al., 2003) . The adverse health effects of high ambient 10 PM 10 concentrations have resulted in the introduction of air quality standards which are 11 designed to be protective of human health. When considered in an economic context, the 12 health costs incurred by PM 10 pollution in the UK have been estimated to range between £9.1 13 and 21.4 billion per annum (Defra, 2007a) . 14 Although PM 10 emissions in the UK have reduced in the last 30 years (Dore et al., 15 2005; Defra, 2007a) , this trend is flattening or reversing in some major urban areas and along 16 roads (Defra, 2007a) . A range of measures have been introduced in an attempt to further 17 reduce PM 10 emissions, for example tightening of vehicle emissions standards and road 18 pricing initiatives. However, a range of cost-effective abatement measures must be initiated if 19 improvements in air quality are to be any more substantial (Defra, 2007a) . Tree establishment 20 in urban areas has been proposed as one measure to reduce ambient PM 10 concentrations 21 (Bealey et al., 2007; Nowak et al., 2006 , McDonald et al., 2007 . PM 10 deposition to 22 vegetation has been the subject of a number of recent investigations (Beckett et al., 1998; 23 Gupta et al., 2004; Dammgen et al., 2005; Tiwary et al., 2006) . However, the complexities 24 involved in understanding the removal mechanisms for PM 10 on different vegetation types, 25 species, planting design and age class has resulted in a large degree of uncertainty regarding 26 the level of reduction that could practically be achieved and how this would relate to human 27 © Crown Copyright 2009 4 health. This uncertainty is exacerbated by the inherent assumptions and uncertainties in 28 deposition models, where the interception mechanism is influenced by particle size, foliage 29 density, terrain, and meteorological conditions (Ruijgrok et al., 1995; He et al., 2002) . 30 Trees can serve as effective sinks for particulates at the canopy level, both via dry, 31 wet and occult deposition mechanisms. For example, work on forest canopies (Peters and 32 Eidan, 1992; Erisman et al., 1997; Freer-Smith et al., 1997; Decker et al., 2000; Urbat et al., 33 2004) found them to have high capturing efficiencies for airborne particles. The structure of 34 trees and the rough surfaces that they provide increase the incidence of particle impaction and 35 interception by disrupting the flow of air (Beckett et al., 1998) , mainly at canopy height 36 (Erisman et al., 1997) . It has been suggested that the layered canopy structure of large trees 37 provides a surface area for particulate deposition of between 2 and 12 times that of the area of 38 land they cover (Broadmeadow and Freer-Smith, 1996) . Fowler et al. (2004) found that 39 woodlands in the West Midlands, England, collected three times more PM 10 than grassland. 40
The differences between tree species play an important role in estimating PM 10 capture; 41 leaves with complex shapes, large circumference-to-area ratios, waxy cuticles or fine hairs on 42 their surfaces collect particles more efficiently. Conifers, which are also in leaf all year round, 43 may be more effective than deciduous species (Freer-Smith et al., 2005) . 44
Deposition models such as Urban Forest Effects model (UFORE) (Nowak, 1994) and 45 FRAMES (Bealey et al., 2007) Heathrow Airport, UK (Meteorological Office, 2006) . ADMS-Urban allows a maximum of 88 10,000 output points in the calculation of spatial concentrations; these can be specified using 89 a mix of regular output grid points and additional receptor points. For the presented study the 90 grid resolution for the 10 km x 10 km study area was chosen as a mix of points on a 40 x 40 91 grid (0.25 x 0.25 m) and 18 specified receptor locations. The latter were used to sample the 92 input upstream concentrations in order to calculate the potential flux from vegetation 93
intervention. 94
A canopy PM 10 -uptake model based on UFORE (Nowak, 1994) was then used to 95 estimate the PM 10 interception by the proposed ELGG within the study area. However, the 96 ELGG does not yet have specific information available on the composition of the 97 greenspaces, e.g. species choice, percentage tree cover or planting design. Therefore, a range 98 of possible planting options for these greenspaces was modelled. The 'most realistic scenario' 99 of PM 10 interception by the ELGG within the study area was then used to reproduce the PM 10 100 concentration map for the area for use in the human health modelling. This scenario was 101 thought to be most realistic based on social considerations for urban greenspace design, where 102 broadleaves, a range of habitats and areas of open space tend to be preferred by local 103 communities (Lee, 2001) . The interception of PM 10 by the other scenarios is presented in 104 order to demonstrate the importance of species selection if air quality improvement is an 105 objective of greenspace design and the beneficial role of tree cover versus grassland. 106 7
The PM 10 concentrations post-implementation of the ELGG were estimated in 107 ADMS-Urban using two modifications to the pre-implementation scenario. Firstly, the source 108 strength of each grid cell was adjusted by accounting for the modelled flux to vegetation 109 using the GIS information on the presence of the corresponding vegetation in each grid cell. 110
Secondly, the surface roughness (in metres) was altered to take account of changes to this 111 parameter following greenspace establishment. ADMS-Urban parameterises the boundary 112 layer structure based on the Monin-Obukhov length and the boundary layer height. Using the 113 hourly sequential meteorological data a pre-processor code makes accurate estimation of the 114 boundary layer height for each hour, based on the previous history. 115
The impact of the ELGG on human health from PM 10 exposure was compared with a 116 situation of no greenspace establishment. Two models were used to estimate the premature 117 mortality and respiratory hospital admissions, as a result of PM 10 exposure, of the populations 118 within the London Boroughs of Newham and Greenwich. 119
The potential impact of the ELGG on PM 10 concentration 120
Five scenarios were used to estimate the potential for PM 10 interception by the 121 ELGG. These were based on the premise that trees have a greater capacity for PM 10 reduction 122 than grassland and that conifers have a greater capacity than broadleaves. Data for sycamore 123 maple (Acer pseudoplatanus L.) and Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) were 124 selected to provide the 'best' and 'worst' case scenarios for PM 10 interception by tree cover. 125
A. pseudoplatanus produces very low deposition velocities due to its low particle capture 126 efficiency and P. menziesii exhibits very high deposition velocities (Freer-Smith et al., 2004; 127 Freer-Smith et al., 2005) . The five scenarios used, based on a total land area of 547 ha, in the 128 study were: ) according 136 to the methodology outlined in Nowak (1994) : 137
Deposition velocity is calculated as the inverse of the sum of the aerodynamic (R a ), quasi-139 laminar boundary layer (R b ) and canopy (R c ) resistances (Baldocchi et al., 1987) : 140 1 ) (
Hourly meteorological data were used to estimate R a and R b . The aerodynamic resistance is 142 calculated as (Killus et al., 1984) :
where u(z) is the mean windspeed at height z (m s -1 ) and * u is the friction velocity (m s -1 ). 145 by classifying hourly local meteorological data into stability classes using Pasquill's (1961) 149 stability classification scheme and then estimating 1/L as a function of stability class and z o 150 (Golder, 1972) . When L < 0 (unstable) (Van Ulden and Holtslag, 1985) : 151
where X = (1 -28 z L -1 ) 0.25 (Dyer and Bradley, 1982) . When L > 0 (stable conditions) (Van 153 Ulden and Holtslag, 1985) : 154
The quasi-laminar boundary-layer resistance was estimated as: 156 Killus et al., 1984) . 
Results 215

Potential impact of the ELGG on PM 10 concentration 216
The results of the PM 10 interception modelling are shown in Figure 3 . P. menziesii, 217 due to its greater V g and LAI values, has a significantly greater capacity to intercept 218 particulates from the atmosphere than A. pseudoplatanus; A. pseudoplatanus appears only 219 slightly more effective than grass (12.45 t yr -1 removed compared to 3.75 t yr -1 at the Lower 220 Lea Valley as opposed to 258.75 t yr -1 using P. menziesii). This represents a four-fold increase 221 when trees are included in urban greenspace design; equating to a removal rate of 0.12 t ha -1 222 yr -1 . The amount of PM 10 interception is directly proportional to the area of the greenspace; 223 therefore the differences in reductions between greenspaces shown in Figure 3 are Figure 4 ). Figure 5 shows the spatial distribution of PM 10 concentrations both before and after 230 implementation of this scenario within the ELGG study area. 231
Results from health modelling 232
The health modelling estimated that 2 premature deaths and 2 respiratory hospital 233 admissions are averted per year due to the implementation of scenario 4 within the ELGG 234 study area. 235
Discussion 236
Potential impact of the ELGG on PM 10 concentration 237
This study suggests that the contribution greenspace makes to improving local air 238 quality is dependant on the percentage cover of trees and their species. The rates of PM 10 239 removal for scenario 4 are greater than those found by Nowak (1994) for Chicago who 240 calculated that trees within the city could reduce PM 10 concentrations by 0.004 t ha -1 yr -1
. The 241
Nowak (1994) study had a lower tree cover at 11% which would, in part, explain the lower 242 rate of PM 10 removal. The current study also included the deposition to grassland, which was 243 not taken into consideration in the Chicago study. In addition, the deposition velocities used 244
by Nowak (1994) were smaller than those used for the ELGG as a result of the different 245 species composition; 90% broadleaves and only 10% conifers, and because the re-suspension 246 of particles from trees was assumed to be 50%. Particles deposited onto tree surfaces may 247 remain there, be re-suspended to the atmosphere by wind or be washed off during 248 precipitation events (Nowak, 1994) . However, re-suspension of silica particles from an 249 experimental spruce canopy, at a comparable wind speed to that in London, was found to be 250 extremely small at approximately 1% per day of the deposited material (Ould-Dada and 251 Baghini, 2001) , for this reason re-suspension was not considered in the current study. Yang et 252 al. (2005) , using the UFORE model, found that trees in Beijing removed approximately 0.025 253 t ha -1 yr -1 ; this greater value can probably be explained by the differences in climate, tree 254 cover (16.4%) and initial PM 10 concentrations in Beijing compared to Chicago. 255 It is unsurprising that such studies have predicted relatively similar rates of PM 10 256 removal since they all use similar methodologies, models and literature data so the inherent 257 assumptions and therefore uncertainties will be broadly equivalent. However, Broadmeadow 258 et al. (1998) calculated the annual deposition to a Quercus spp. woodland located alongside 259 the M6 (West Midlands, England) from leaf collections and measurements of LAI and found 260 that at the end of the growing season the PM 10 deposition rate was 0.009 t ha -1 yr -1 , suggesting 261 that the models used in these studies are reasonably reliable. 262
This study assumes a canopy height of 10 m; this is likely to represent A. 263 pseudoplatanus and P. menziesii trees of 13-15 and 14-16 years respectively (Edwards and 264
Christie, 1981). The ability of trees to intercept PM 10 will vary during the lifetime of the tree; 265 larger trees are capable of removing more PM 10 (Nowak, 1994), although younger, smaller 266 trees are surprisingly effective due to their greater foliage densities (Beckett et al., 2000c) . 267
Street trees and the edge effect of woodland blocks was also not considered in the study, both 268 of which have been reported to play a significant role in the removal of particles from the air 269 (Hasselrot and Greenfelt, 1987; Neal et al., 1994; Nowak, 1994) . 270
The UFORE model has a number of assumptions, some of which could be addressed 271 by the use of a more complex deposition model. This would, however, probably result in a 272 model which was more dependant on site-or regional-specific data which would be more 273 complicated to run and interpret. The assumptions can be summarised in the following 274
paragraphs. 275
The UFORE model only considers dry deposition to greenspace; it does not take into 276 account occult or wet deposition and is therefore likely to underestimate the total deposition 277 (Graustein and Turekian, 1989) . However, in this study it is unlikely to make a significant 278 contribution, as the site is not frequently immersed in cloud (Graustein and Turekian, 1989; 279 Broadmeadow and Freer-Smith, 1996) and wet deposition is not affected by the surface 280 roughness of the system so is identical between vegetation types (Fowler et al., 2004) . 281 UFORE uses canopy resistance values (R c ) calculated from the average deposition 282 values measured in a field in Chicago minus the R a and R b values (Nowak, 1994) . These were 283 unlikely to represent the situation in London, therefore the present used species-and wind 284 speed-specific Vg values calculated from relationships developed from the raw data from 285
Freer-Smith et al. (2004) Deposition to A. pseudoplatanus was assumed to only occur during the in leaf period, 289 but there will, be some uptake onto woody surfaces during the winter. Nowak (1994) 290 calculated that removal ranged from 0.007 to 0.06 t ha -1 yr -1 between out of leaf and in leaf 291 seasons presumably due to the impact of leaf senescence. LAI was assumed to be constant 292 throughout the year; this will however vary within the growing season (Broadmeadow and 293 Freer-Smith, 1996) . 294
Health impacts of reductions in PM 10 concentration 295
In the present study, the estimated health benefits are small, with between 2 296 premature deaths and 2 respiratory hospital admissions being averted per year. Powe and 297 Willis (2004) estimated that the existing forest cover within the UK would result in a 298 reduction of 5 to 7 deaths and 4 to 6 respiratory hospital admissions per year due to reductions 299 in PM 10 and SO 2 pollution. To put the above health benefits in perspective; a recent study on 300 urban air quality management in the UK predicted that by reducing PM 10 levels in 301
Westminster (Central London) from 1996-1998 roadside levels to achieve an annual mean 302 PM 10 (gravimetric) target of 20 μg m -3
, an estimated 8-20 premature deaths would be averted 303 in that area due to reduced short-term exposure and up to 100 deaths from long-term exposure 304 (Mindell and Joffe, 2004) . 305
Apart from their ability to mitigate PM 10 , there are many other benefits to tree 332 establishment that have not been considered in this study. These include additional 333 improvements in air quality, for example through the uptake of O 3 , SO 2 and NO X 334 (Broadmeadow and Freer-Smith, 1996) . There are also many environmental and social 335 benefits to greenspace creation in general, including their contribution to sustainable urban 336 drainage, soil stabilisation, flood mitigation, shade provision, biodiversity, education, 337 community cohesion and health and well-being. The benefits of greenspace must be 338 considered in tandem with the other, potentially detrimental aspects of greenspace and tree 339 establishment, including VOC emissions, which are implicated in the formation of O 3 , pollen 340 production, damage to property and maintenance costs. 341
People's behaviour will also have a significant impact on how the reductions in PM 10 342 concentrations affect health. The most significant reductions in PM 10 concentrations were 343 estimated to be within the greenspaces themselves, suggesting that, in order for their full 344 effects to be realised, the local residents would need to use the greenspaces. The most 345 significant impacts of tree establishment are likely to be during peak traffic densities when 346 vehicular emissions are greatest. These are also likely to be the time periods of greatest 347 exposure to air pollution, for example when people are out of their houses or places of work 348 and travelling to work or school. Encouraging people to walk or cycle through greenspace 349 rather than walking along the side of roads may result in even greater benefits in terms of 350 human exposure, although this will depend on a number of other factors including the 351 perception of crime, ease of access and the attractiveness of the site. Alternatively, street trees 352 could be used to provide localised improvements in air quality along busy roads or pathways. 353
Conclusions 354
This study demonstrates that tree planting schemes in urban areas such as the ELGG 355 can make a positive contribution to air quality bringing additional benefits to human health. 356
Furthermore, urban greenspace creation has received attention in recent years through the 357 recognition of the social, environmental and economic benefits that it can bring to 358 
